We have used recent Very Long Baseline Interferometry (VLBI) observations by Middelberg et al. with a resolution of ≈ 10 mas to investigate the properties of faint sources selected from the Tenth Cambridge (10C) survey in the Lockman Hole. The 10C survey is complete to 0.5 mJy at 15.7 GHz and has a resolution of 30 arcsec. We have previously shown that this population is dominated by flat-spectrum sources below ≈ 1 mJy, in disagreement with several models of the faint, high-frequency sky. We find that 33 out of the 51 10C sources in the VLBI field (65 percent) are detected by the VLBI observations. The sources detected by the VLBI observations must have a high brightness temperature, thus ruling out the possibility that this faint, high frequency population is dominated by starbursting or starforming sources and indicating that they must be Active Galactic Nuclei.
INTRODUCTION
In Whittam et al. (2013;  hereafter Paper I) we studied a sample of 296 faint (> 0.5 mJy) sources selected from the Tenth Cambridge survey (10C; AMI Consortium: Davies et al. 2011; AMI Consortium: Franzen et al. 2011 ) at 15.7 GHz in the Lockman Hole. The 10C survey was made with the Arcminute Microkelvin Imager (AMI; Zwart et al. 2008 ) and covers ten fields complete to 0.5 mJy, two of which are in the Lockman Hole. By matching the 10C catalogue to several lower-frequency surveys we investigated the radio spectral properties of the sources in this sample. We found a significant change in spectral index α with flux density S (where S ∝ ν −α for frequency ν) -the median spectral index between 15.7 GHz and 610 MHz changes from α = 0.75 for 15.7-GHz flux densities 1.5 < S /mJy < 10 to α = 0.08 for lower flux densities (0.3 < S /mJy < 0.8) (full details of this study are given in Paper I). This suggests that a population of faint, flat-spectrum sources is emerging at flux densities 1 mJy.
The properties of the 10C sample were compared with those of a sample of sources selected from the SKADS Simulated Sky (S 3 ; Wilman et al. 2008 Wilman et al. , 2010 ) (full details are in Paper I). We found that this simulation fails to reproduce the observed spectral index distribution and underpredicts the number of sources in the faintest flux density bin (0.5 < S < 1 mJy). We discussed two possible origins for this discrepancy. The first is that the source population at this flux density level is not dominated by Active Galactic Nuclei (AGN) in the form of Fanaroff and Riley type I (FRI; Fanaroff & Riley 1974) sources, as predicted by the S 3 model, and is instead dominated by a population with flatter spectra, such as, for example, a population of starburst galaxies with unusually flat highfrequency spectra (Murphy et al. 2013) . The second possibility is ⋆ email: ihw24@mrao.cam.ac.uk that FRI sources are not modelled correctly in the simulation and in fact themselves have much flatter spectra at high frequencies. In Paper I we suggested that the first option is unlikely, as it would require the number of starburst sources to be incorrect in the simulation by at least a factor of ten.
Information about the structure of the sources in a sample can provide useful information about their nature, meaning that high resolution studies are valuable when investigating the properties of a population. The angular size of sources in the high frequency (20 GHz) source population at much higher flux densities (S > 40 mJy) has recently been investigated by Chhetri et al. (2013) . They used data from a 6 km baseline to split the sample into different populations and investigate their properties. They found that 77 percent of their sample are compact AGNs and 23 percent are extended AGN-powered sources. Here we study a sample of high frequency sources which are considerably fainter on even smaller angular scales.
In this paper we use recently published VLBI data (Middelberg et al. 2013 to investigate further the nature of this faint 15.7-GHz source population. M2013 have recently conducted wide-field observations with the Very Long Baseline Array (VLBA) at 1.4 GHz of part of the Lockman Hole. The VLBA provides milliarcsec-scale resolution, so if a source is detected the emission must come from a very compact region and the brightness temperature must be very high ( 10 6 K). Any stellar non-thermal sources, such as supernova remnants, at redshift 0.1 cannot have a surface brightness this high and thus any objects with z 0.1 which are detected must originate in AGN.
In Section 2 the different samples used in this paper are defined and the methods used to investigate the properties of these samples are described. The results and discussion are split into two parts -the first part, Section 3, discusses the properties of the 10C sources in the VLBA survey area and the second part, Section 4, contains further insights into the nature of the M2013 VLBA sources. The conclusions are given in Section 5.
Throughout this paper the term 'flat spectrum' refers to an object with spectral index α 0.5, 'steep spectrum' to an object with α > 0.5 and 'rising' to an object with α < 0.
SAMPLE DEFINITION AND PROPERTIES

Middelberg et al. observations
M2013 used a 1.4-GHz VLA image of the Lockman Hole field by Ibar et al. (2009) to identify a sample of sources which could in principle be detected with the VLBA observations provided all the flux comes from a very compact (milli-arcsecond scale) region. They defined a source as 'detectable' if its peak VLA flux density is 6 times the noise in the VLBA image at that point. They found that 217 sources fitted these criteria -we refer to this sample as the Middelberg sample.
M2013 made naturally weighted images, with a median resolution of 11.9 × 9.4 mas 2 , at the positions of each of the 217 sources to detect, or place limits on, any millarcsecond-scale components. Images with uniform weighting, with a median resolution of 7.4 × 5.5 mas 2 , were used to calculate the integrated flux density of each detected source. Sixty-five of the sources in the Middelberg sample were actually detected in the VLBA observations, using the 6 σ threshold for detection. These sources form the 'VLBAdetected' sample.
Redshift information is available for 47 out of the 65 VLBAdetected sources from the Fotopoulou et al. (2012) photometric redshift catalogue. The redshift values for these sources all lie in the range 0.2 < z < 4.2, meaning that all VLBA-detected sources must have the very high brightness temperatures which can only be found in AGN (see Section 1).
Data used and sample definition
The 10C survey was observed with AMI at 15.7 GHz and covers ten fields, one of which contains the area covered by the M2013 VLBA survey in the Lockman Hole. In this area the 10C survey is complete to 0.5 mJy. In Paper I we presented spectral information about the 10C sources obtained by matching the catalogue to a deep Giant Metrewave Radio Telescope (GMRT) survey at 610 MHz (Garn et al. 2008 (Garn et al. , 2010 , a Westerbork Synthesis Radio Telescope (WSRT) survey at 1.4 GHz (Guglielmino et al. 2012) , the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) Sky Survey (NVSS; Condon et al. 1998 ) and the Faint Images of the Radio Sky at Twenty-one centimetres (FIRST; White et al. 1997) . The M2013 observations consist of three pointings with an r.m.s. noise of 24 µJy beam −1 towards the pointing centre. The 10C and Middelberg catalogues were matched in Topcat 1 using a match radius of 15 arcsec. This match radius was chosen to minimise the number of false detections by matching to a shifted distribution of sources in the same way as described in Paper I. There are 51 10C sources in the VLBA survey area, of which 44 match to a source in the Middelberg sample. These 44 sources should therefore be bright enough at 1.4-GHz to be detectable with the VLBA if all their flux is in a compact core. Thirty-three of these 44 10C sources are actually detected by the VLBA observations.
The seven 10C sources which are not in the Middelberg sample (which would therefore not be detectable by the VLBA observations) have rising spectra, with typical values of α ∼ −0.5, and therefore fall below the VLBA-detectable flux density limit at 1.4 GHz (note that all 10C sources are found in the Ibar et al. (2009) deep VLA image).
In two separate cases a second VLBA source falls within the contours of a 10C source which is already matched to a different VLBA source. In both cases, the second VLBA source is more than 15 arcsec (the radius used for matching) away from the 10C source position, so is not counted as a match. The first case (10C ID 10CJ105115+573552) appears as an extended source in the 10C map (resolution ≈ 30 arcsec). In the higher-resolution GMRT map (synthesised beam 5 × 6 arcsec) this source is resolved into two separate compact sources and the two VLBA sources correspond to these two separate sources. It is likely that both VLBA sources are seen in the 10C map but they are blended together. If this is the case, it will mean that the 15.7-GHz flux density of the matched VLBA source is over estimated, as it also contains some contribution from the second VLBA source. The matched VLBA source has a steep spectum (α 15.7 1.4 = 0.65), so if the 15.7-GHz flux density is over-estimated the spectrum may be steeper still. In the second case (10C ID 10CJ105237+573058), the higher-resolution GMRT images reveal that the VLBA source which is closer to the 10C source position corresponds to the core of an extended double-lobed radio source, while nothing is visible in the GMRT map at the position of the second VLBA source. This is probably because this source is very faint (S 1.4 GHz = 0.14 mJy), so falls below the detection limit of the GMRT observations.
The positions of the 10C sources in the Middelberg sample and the VLBA-detected sources are shown in Fig. 1 and the different samples are summarised in Table 1 . Thirty of the Middelberg sources which are detected by the VLBA observations do not have a match in the 10C catalogue. For each of these unmatched VLBA sources the 10C image was examined to see if there was a source present which was below the 10C catalogue limit. In 14 cases a source was visible within 15 arcsec of the VLBA position with a peak flux density greater than 3σ. For these 14 sources the 15.7-GHz flux density was estimated from the 10C image using the AIPS 2 task JMFIT. In four cases JMFIT did not converge due to the presence of a nearby bright source; for these sources the flux density was found manually using the AIPS task TVSTAT. For the remaining unmatched sources an upper limit of three times the local noise in the 10C map was placed on the 15.7-GHz flux density.
Spectral index
In sections 3 and 4 radio spectral index, α, (where S = ν −α for flux density S at frequency ν), is used to investigate source properties.
In Section 3, for sources in the 10C sample, α 15.7
1.4 and α
610
values from Paper I are used. In Section 4 the spectral index, or a lower limit on the spectral index, between 15.7 GHz and 1.4 GHz (α 15.7 1.4 ) was calculated for all 65 sources detected by the VLBA observations. For consistency, the 1.4-GHz flux densities used were the integrated flux densities from the VLA observations by Ibar et al. (2009) used in M2013. The 15.7-GHz flux densities were either the integrated flux densities taken from the 10C catalogue or, for those sources without a match in the 10C catalogue, the values determined from the 10C map or the upper limit on the 10C flux density derived from the 10C map (see Section 2.3).
Morphology
In this study we use two different measures of source morphology, which give us information about the size of the source on different scales, as follows.
(1) VLA size, θ VLA -the maximum angular size taken from the Ibar et al. (2009) 1.4-GHz VLA catalogue. For single sources this value corresponds to twice the maximum Full Width Half Maximum (FWHM) of the fitted gaussian and gives information about whether or not the source is resolved on an arcsecond scale. The FWHM synthesised beam size is ≈ 4 arcsec so values of θ VLA 9 arcsec indicate that the source is resolved.
(2) Ratio R of the VLA integrated flux density to the VLBA integrated flux density (R = S VLA /S VLBA ). This gives information about whether the source is dominated by compact emission ( 10 mas), in which case R ≈ 1, or whether there is significant emission from a more extended region.
2 Astronomical Image Processing System, see http://www.aips.nrao.edu/. 
PROPERTIES OF THE 10C SOURCES
VLBA detections
The spectral index and morphology properties of the 44 10C sources in the Middelberg sample are summarised in Table 2 . Thirty-three out the 44 sources (75 percent) in this sample are detected by the VLBA observations. This is much higher than the percentage of sources in the total Middelberg sample which are detected by the VLBA observations (65 out of 217 i.e. 30 percent). However nothing significant can be deduced from this since the sources in the 10C sample have higher 1.4-GHz flux densities than the majority of sources in the Middelberg sample (e.g. 14 percent of the 10C sources in the Middelberg sample have S 1.4GHz < 1 mJy compared with 75 percent of sources in the total Middelberg sample) and, as shown in M2013, the probability of detection is a strong function of flux density.
The 15.7-GHz flux density distributions of the 44 10C sources in the Middelberg sample and the 33 10C sources which are detec- The flux density distribution of the 10C VLBA-detected sources is similar to that of the 10C sources in the Middelberg sample (although, significantly, all seven of the brightest sources with S 15.7 GHz > 2 mJy are detected by the VLBA observations). There are VLBA-detected sources with 15.7-GHz flux densities as low as S 15.7 GHz = 0.3 mJy so we are finding VLBI components in the majority of the faintest 10C sources.
The fact that 75 percent of the 10C sources in the Middelberg sample are detected by the VLBA observations, and therefore must be AGN, rules out the possibility discussed in Paper I that the 10C population is dominated by starburst galaxies. These results therefore support the conclusions in Paper I that the majority of the 10C population are AGN, such as FRI sources. Thus the proportions of sources in S 3 , which predicts that the faint, high frequency population is dominated by FRI sources, may well be correct. If this is the case, the emission from the FRI sources must be modelled incorrectly, because, as described in Section 1, the simulation does not accurately reproduce the observed spectral index distribution. This is probably due to incorrect modelling of the emission from the cores of FRI sources (for example, there is no attempt to include the effectes self-absorption in compact objects), as well as the lack of spectral aging in the overall source model.
Spectral properties
The spectral index distribution of the 44 10C sources in the Middelberg sample and the 33 detected in the VLBA observations are shown in Fig. 3 , using the values from Paper I. The sources which are not detected in the VLBA observations tend to have steeper spectra than those which are detected, with 9 of the 11 undetected sources having α 15.7 1.4 > 0.5 (of the other two, one has α 15.7 1.4 = 0.47 and the other has a rising spectrum and is discussed below). However, many of the sources which are detected by the VLBA observations also have steep spectra. In fact, out of the 26 steep spectrum 10C sources, 17 (65 percent) are detected by the VLBA observations.
Further insights into the spectral shape of 10C sources in the Middelberg sample can be gained from Fig. 4 , a radio colourcolour plot which uses the spectral index values α All but two of the 10C sources detected by the VLBA observations have flat spectra; this is not suprising as flat spectrum emission generally originates from compact core regions, which are much more likely to have a high enough surface brightness to be visible in the VLBA observations. Conversely, steep spectrum emission tends to come from more extended regions, which do not have high enough surface brightness to be detectable with the VLBA observations -consistent with the fact that most of the 10C sources not detected by the VLBA observations have steep spectra. The majority of these undetected sources have a spectrum which steepens with frequency, supporting the idea that these sources do not have a dominant core, as this would contribute more to the flux density at higher frequencies.
As mentioned above, one 10C source not detected by the VLBA observations has a rising spectrum, with α 15.7 1.4 = −0.5. The spectrum of this source is shown in Fig. 5 , using data from Paper I; the source has an interesting spectrum as it is very steep (α 1.4 0.61 = 1.5) at lower frequencies, but then it turns up and rises at higher frequencies (α 15.7 1.4 = −0.51). The likely explanation for the rise at high frequencies is the presence of a compact core which dominates the emission at 15 GHz; however the emission at 1.4 GHz is likely still to be dominated by the more extended steep spectrum region with the core being too faint to be detected by the VLBA observations. This source highlights the complicated spectral shapes manifested at higher frequencies and the difficulties this presents when understanding and modelling this population. , for the 33 10C sources detected by the VLBA. Sources with R > 1.25 are circled in red (for comparison with Fig. 7) . The vertical dashed line is at α = 0.5, the cutoff between steep and flat spectrum sources. The horizontal dotted line is at θ VLA = 9 arcsec, and sources with values of θ VLA larger than this are resolved. The four extended, flat spectrum sources are marked by squares and the compact, steep spectrum sources are marked by diamonds. For clarity individual error bars have been omitted but a point representing the median error in the x axis is shown in the bottom right hand corner for reference. 
Source morphology
The two measures used to probe source morphology on different scales are described in Section 2.5. In Paper I we investigated the extent of the radio emission of the 10C sources on arcsec scales using FIRST and GMRT data (beam size ≈ 5 arcsec) along with WSRT data (beam size ≈ 11 arcsec). These new VLBA data allow us to probe the structure of these sources on much smaller scales (≈ 10 milliarcsec).
Figs. 6 and 7 show these measures against spectral index for the 33 10C sources detected in the VLBA observations. Fig. 6 shows that, as expected, all of the significantly extended sources (with θ VLA > 12 arcsec) have a steep spectrum. There are, however, four sources which are resolved with the VLA (9 < θ VLA < 12 arcsec) in the 10C sample which have flat spectra (these are marked with green squares in Figs. 6 and 7) . This is consistent with the findings in Paper I that there is a small population of extended, flat spectrum sources present, indicating that emission from the cores of these extended sources is becoming dominant at higher frequencies. Fig. 7 shows R = S VLA /S VLBA as a function of spectral index. All sources with θ VLA > 9 arcsec are circled for comparison with Fig. 6 , this shows that unsurprisingly the majority of the sources with large values of R have θ VLA > 9 arcsec and are therefore resolved on arcsec scales. This plot also shows that most of the flat spectrum sources have smaller values of R = S VLA /S VLBA than the steep spectrum sources, indicating that they are more dominated by emission from a compact core. All of the sources with rising spectra (α < 0) have values of R close to unity, indicating that all of the emission detected by the VLA is also detected by the VLBA observations and therefore, as expected, comes from a very compact region. There are six steep spectrum sources with values of R close to unity (R < 1.25). Two of these sources have values of θ VLA > 9 arcsec therefore, although they may have a compact core, they are clearly extended on arcsec scales. Of the remaining four compact sources (which have θ VLA < 9 arcsec), one (10CJ105152+570950) has a steep spectrum down to 610 MHz = 0.70), which is surprising for an object this compact. The lower frequency spectral index is slightly lower than the higher frequency spectral index so the spectrum may turn over below 610 MHz. One source has a spectrum which rises at lower frequencies (between 610 MHz and 1.4 GHz) so it therefore peaks between 1.4 GHz and 15.7 GHz, typical of a gigahertz peakedspectrum (GPS) source, while the spectra of the other two sources peak at slightly lower frequencies, and are therefore more typical of compact, steep spectrum sources (O'Dea 1998).
In Paper I we found in the faint 10C sample a small number of extended, flat spectrum sources, four of which are seen in this sample. Here we have also found that the faint 10C sample contains a number (4/33, 12 percent) of compact sources with steep spectra. This shows that although the majority of the steep spectrum sources are extended and the majority of the flat spectrum sources are compact, high frequency spectral index is not always a good indicator of source structure. Chhetri et al. (2013) investigated the angular sizes of sources in the Australia Telecope 20 GHz (AT20G) catalogue, which has a flux density limit of 40 mJy so probes a population with higher flux densities than the 10C survey. Chhetri et al. found that 77 percent of sources in the AT20G catalogue are compact, with angular sizes less than 0.15 arcsec. They produce a plot which is similar to Fig. 7 , in which most of the sources lie in approximately the same regions. They identify a population of compact steep-spectrum sources and find a smooth transition between this population and GPS sources.
Extended source structure
Further information about the structure of the extended sources can be gained by looking at GMRT images of these sources (from the Garn et al. 2008 , 2010 data) which have a resolution of 6×5 arcsec 2 ; GMRT images of six extended sources detected in the VLBA observations are shown in Fig. 8 . In their discussion of the properties of Table 3 . Properties of sources detected by the VLBA which are not in the 10C catalogue. All flux densities listed are integrated flux densities. The two sources without any spectral index information are the two sources which lie very close to (but do not match to) a bright 10C source, meaning we are unable to place a limit on their flux density (see Section 2.2 for more details). . Flag = 1, if upper limit is used, Flag = 2, if value from 10C map is used. e) Maximum angular size taken from the Ibar et al. (2009) 1.4-GHz VLA catalogue. For single sources this value corresponds to twice the maximum Full Width Half Maximum (FWHM) of the synthesised beam (see Section 2.5). f) Ratio of the VLA integrated flux density to the VLBA integrated flux density (see Section 2.5). (f) 10CJ105237+573058 Figure 8 . Example 610-MHz GMRT images of some extended sources detected by the VLBA (taken from (Garn et al. 2008 (Garn et al. , 2010 GMRT data). Source names are the IDs from the 10C catalogue, listed in Table 2 the VLBA-detected sources, M2013 assume that all the extended emission comes from star-formation. There is evidence here that this assumption is not true in a significant number of cases; the six sources shown in Fig. 8 display extended structures that appear to relate to the radio AGN, rather than star formation. Of the 33 10C sources detected by the VLBA, nine show evidence of extended structure relating to extragalatic radio activity. This is consistent with the idea discussed in Section 3.1 that this population is dominated by FRI sources, where the extended structure is due to emission produced by radio jets. M2013 use the assumption that all the extended emission originates from star formation to show that the most luminous AGN tend to have higher levels of star-formation activity; they conclude that this argues against quenching of star formation by AGN feedback and instead provides evidence that radio AGN activity might enhance star-formation. The results in this paper suggest that the underlying assumption is not correct in a significant number of cases and therefore these conclusions may not necessarily hold. Fotopoulou et al. (2012) have calculated photometric redshifts for this part of the Lockman Hole field. Out of the 33 10C sources which are detected by the VLBA observations, 23 have photometric redshifts. The median redshift of these 10C sources is 0.91 ± 0.16, compared to a median redshift for all VLBA-detected sources of 0.91±0.14. There is no significant difference in the source type classifications in the Fotopoulou et al. catalogue of the VLBA-detected sources which are and are not in the 10C catalogue -both samples are dominated by early-type or bulge dominated galaxies (along with heavily extinct starbursts, which is probably due to a degeneracy in the fit as discussed in M2013). A full analysis of the multiwavelength properties of 10C sources in the whole Lockman Hole field will be presented in a future paper.
Optical properties
PROPERTIES OF VLBA SOURCES
In this section we look at the 15 GHz properties of the Middelberg VLBA-detected sample of 65 sources. The spectral index and morphology properties of the VLBA-detected sources which match to the 10C catalogue are given in Table 2 , the relevant rows being marked with an asterix. The properties of the 32 sources detected by the VLBA observations which are not in the 10C sample are summarised in Table 3 . The 1.4-GHz flux density distributions of the VLBA-detected sources and those which are also in the 10C catalogue are shown in Fig. 9 , which shows that those sources which are in the 10C catalogue have larger 1.4-GHz flux densities than those which do not match to 10C. The sources which are not in the 10C catalogue for which a 15.7-GHz flux density value was calculated from the 10C map are also shown, these tend to be some of the brighter undetected sources. Fig. 10 shows the VLA size (θ VLA ) of all sources detected by the VLBA observations as a function of the , for all sources detected by the VLBA observations. Sources which are also in the 10C sample are shown separately. Lower limits on spectral index are indicated by triangles. The vertical dashed line is at α = 0.5, the cutoff between steep and flat spectrum sources. The horizontal dotted line is at θ VLA = 9 arcsec, and sources with values of θ VLA larger than this are resolved. For clarity individual error bars have been omitted but a point representing the median error in the x axis is shown in the bottom right hand corner for reference. spectral index α 15.7 1.4 . It indicates that all of the significantly extended sources are detected by 10C, whereas those which are not detected at 15.7 GHz are not extended; this arises because the significantly extended sources in this sample have higher integrated flux densities and are therefore more likely also be in the 10C sample. Fig.  11 shows R against spectral index. The VLBA-detected sources which are not found in the 10C catalogue (shown by pluses and triangles) display a fairly uniform distribution of spectral indices, ranging from α = −0.11 to 1.1. there are more flat spectrum sources than sources with steep spectra, but many of these values are lower limits so the spectra may be steeper in reality. There are at least three compact, steep spectrum sources (with R < 1.25) in addition to the four in the sample of 10C VLBA-detected sources, and there may be more as several of the other compact sources only have a lower limit on their spectral index.
CONCLUSIONS
Sixty-five percent (33/51) of the 10C sources in the VLBA survey area are detected by the VLBA observations, showing that these sources are AGN. The detected sources have a range of 15.7-GHz flux densities, with detected sources as faint as S 15.7 GHz = 0.3 mJy. These results rule out the possibility discussed in Paper I that the 10C population is dominated by starforming or starbursting sources and provides strong evidence for our conclusion that the faint, highfrequency population is dominated by AGN, such as FRI sources. The proportions of sources in the S 3 model are therefore probably roughly correct, i.e. the population at 1 mJy at 15 GHz is dominated by FRI sources. The spectral properties of these sources are not modelled correctly in the simulation, both because the flat spectrum cores are not correctly modelled, and because no spectral ageing has been included in the source model.
These results also show that there is a small but significant population (four out of 33) of very compact, steep spectrum sources in the 10C sample. They also show that in a number of cases the extended emission displayed by the sources in the VLBA sample is not caused by star formation as assumed by Middelberg et al., and is instead synchrotron emission produced by the AGN jets.
Multi-wavelength observations of these sources will be presented in a future paper and will provide further insights into the nature of this faint, high-frequency source population.
